The keen visual systems of birds have been relatively well-studied. The foundations of avian 21 vision rest on their cone and rod photoreceptors. Most birds use four cone photoreceptor types 22 for color vision, a fifth cone for achromatic tasks, and a rod for low-light levels. The cones, 23 along with their oil droplets, and rods are conserved across birds -with the exception of a few 24 shifts in spectral sensitivity -despite taxonomic, behavioral and ecological differences. Here, 25 however, we describe a novel photoreceptor in a group of New World flycatchers (Empidonax 26 spp.) in which the traditional oil droplet is replaced with a complex of electron-dense 27 megamitochondria surrounded by hundreds of small, orange oil droplets. These photoreceptors 28
The keen visual systems of birds have been relatively well-studied. The foundations of avian 21 vision rest on their cone and rod photoreceptors. Most birds use four cone photoreceptor types 22 for color vision, a fifth cone for achromatic tasks, and a rod for low-light levels. The cones, 23 along with their oil droplets, and rods are conserved across birds -with the exception of a few 24 shifts in spectral sensitivity -despite taxonomic, behavioral and ecological differences. Here, 25 however, we describe a novel photoreceptor in a group of New World flycatchers (Empidonax 26 spp.) in which the traditional oil droplet is replaced with a complex of electron-dense 27 megamitochondria surrounded by hundreds of small, orange oil droplets. These photoreceptors 28 were unevenly distributed across the retina, being present in the central region (including in the 29 fovea), but absent from the retinal periphery and the area temporalis. Many bird species have 30 had their oil droplets and photoreceptors characterized, but only the two flycatchers described 31
here (E. virescens and E. minimus) possess this unusual structure. We discuss the potential 32 functional significance of the unique sub-cellular structure in these photoreceptors providing an 33 additional visual channel for these small predatory songbirds. six fundamental building blocks are the same across species. 48
In this study, we report the discovery of a potentially seventh photoreceptor that contains 49 a cellular organelle not found in this form in any other vertebrate retina with important functional 50 consequences for visual perception. We found this photoreceptor in two species of New World 51 flycatchers of the genus Empidonax (E. virescens and E. minimus). We describe this new cellular 52 structure using light microscopy and transmission electron microscopy, analyze its spectral 53 composition using microspectrophotometry, and establish the distribution and densities of these 54 novel cones relative to the traditional cones across the retina. Additionally, we displayed the 55 presence/absence of this cellular structure in the avian phylogeny based on species whose cones 56 and oil droplets have been previously characterized. Overall, this cellular structure may allow 57 these sit-and-wait flycatchers to see their world from a different perspective than other animals. 58 59
Results: 60
We found that Empidonax flycatchers, like all birds, had four single cone photoreceptors that 61 each contained a spherical oil droplet in the inner segment of the photoreceptor. Like other birds, 62 the principal member of the Empidonax double cone also contained a spherical oil droplet. Each 63 type of cone had a different colored oil droplet that could be readily visualized under simple light 64 microscopy ( Fig. 1A) . In addition to these five traditional cones and their corresponding oil 65 droplets, we found that the Empidonax flycatcher retina contained what is probably an additional 66 photoreceptor with a novel, orange, conical structure in the apical end of the inner segment ( Fig.  67   1B) . 68 69
Electron Microscopy 70
Transmission electron microscopy revealed that this novel structure consisted of a cluster of 71 electron-dense giant mitochondria (hereafter megamitochondria) that were surrounded by 72 hundreds of small oil droplets (Fig. 1C, Fig. S1 ). These small oil droplets were the likely source 73 of the orange coloration seen under light microscopy. These megamitochondria were over two 74 times the diameter of the mitochondria in surrounding photoreceptors and the small oil droplets 75 associated with it had a diameter over seven times smaller than the traditional oil droplets found 76 in the other cone types (Fig. 1C ). Given the unusual combination of megamitochondria and small 77 oil droplets, we coined the term megamitochondria-small oil droplet complex (hereafter, 78 MMOD-complex) to refer to this new cell structure. 79
The MMOD-complexes identified using electron microscopy were of the same shape and 80 size as those first observed on retinal wholemounts ( Fig. 1, Fig. S1 ). Additionally, the MMOD-81 complexes observed using electron microscopy were only present at the center of the flycatcher 82 retinae. No similar structures were present in the retinal periphery of flycatchers or in any part of 83 the retinae from two other species that we used for comparison purposes under electron 84 microscopy (white-throated sparrow and house sparrow, see Methods). 85
We also observed connecting cilia that linked the MMOD-complex to a photoreceptor 86 outer segment in flycatchers ( Fig. S1 ). Therefore, we determined that the MMOD-complex was 87 likely housed at the apical end of the inner segment of a photoreceptor, just distal to the 88 traditional mitochondrial-rich ellipsoid. This is where a traditional oil droplet would normally be 89 located, which is absent in this new photoreceptor type. In addition to the connecting cilia 90 between the MMOD-complex and the photoreceptor outer segment, it would seem logical that 91 any structure occupying space in the photoreceptor array of the retina would serve a 92 photoreceptive function. Diurnal birds have retinas with dense photoreceptor arrays that have 93 little or no gap between adjacent photoreceptors. Non-photoreceptive cells inserted into the 94 photoreceptor array occupy valuable 'real estate' and would reduce visual acuity, seemingly 95 unnecessarily, although exceptions to this line of thinking are possible. Furthermore, it is not 96 likely that the MMOD-complex serves a specialized energy source for other photoreceptors or 97 other cells in the retina because cellular energy that is produced in a cell, generally, must remain 98 in the cell that produced it and cannot be shared with neighboring cells 5 . These lines of thought, 99 along with the connecting cilia between the MMOD-complex and a photoreceptive outer 100 segment, are why we think the most likely scenario is that the MMOD-complex is part of a 101
photoreceptor. 102
We found that the MMOD-complexes had λ mid = 565 nm, which corroborates their orange 105 coloration under bright microscopy ( Fig. 2b) . Their λ mid falls between the yellow Y-type oil 106 droplets (516 nm) and the red R-type oil droplets (580 nm). The small oil droplets surrounding 107 the megamitochondria work as long-pass filters, letting light longer the 565 nm pass through and 108 absorbing shorter wavelengths. Full microspectrophotometry results can be found in Table S1 . 109 110
Photoreceptor Distribution 111
The Empidonax flycatcher retinae we examined contained a centrally placed fovea (i.e., an 112 invagination in the retinal tissue that corresponds to the highest photoreceptor densities in the 113 retina) and an area temporalis (i.e., an increase in cell density without a foveal pit in the 114 temporal region of the retina) ( Fig. 4 ). The peak photoreceptor density for all counted cell types 115 (all single cones, double cones and MMOD-complex photoreceptors) was 118,300 ± 9,022 116 cells/mm 2 and 58,533 ± 4,791 cells/mm 2 in the fovea and area temporalis, respectively ( Fig. 3a) . 117
The peak foveal density was 33,700 ± 3,649 cells/mm 2 and 85,600 ± 5,757 cells/mm 2 for 118 MMOD-complex photoreceptors ( Fig. 3i ) and traditional oil droplets ( Fig. 3b ), respectively. 119
Interestingly, the MMOD-complex photoreceptors followed a different distribution pattern than 120 the other photoreceptors. Traditional cones were present throughout the retina and their density 121 decreased moving away from the fovea towards the periphery. However, MMOD-complex 122 photoreceptors were only present in the central region of the retina, including in the fovea. Their 123 density decreased slightly moving away from the fovea, but then these MMOD-complex 124 photoreceptors suddenly disappeared altogether ( Fig. 3i-j ). There were no MMOD-complex photoreceptors present in the retinal periphery or in the area temporalis. Therefore, the MMOD-126 complex region of the retina primarily subtends the lateral and horizontal section of the visual 127 field (i.e., to the sides of the head without a downward or upward bias towards the ground or 128 sky). The peak foveal density of T-type, C-type, Y-type, R-type, and P-type oil droplets was 129 6300 ± 1258 cells/mm 2 , 9700 ± 551 cells/mm 2 , 23600 ± 1720 cells/mm 2 , 13400 ± 683 cells/mm 2 , 130 and 36100 ± 3515 cells/mm 2 , respectively ( Fig. 3d-h) . 131
We found no significant differences between typical passerine retinae and Empidonax 132 retinae regarding relative ratios of C-type, Y-type, R-type, or P-type oil droplets ( Fig. 2a , Table  133 S2). Unsurprisingly, there was a significant difference in the relative abundance of MMOD-134 complex photoreceptors between typical passerine retinae -which lack the MMOD-complex -135
and Empidonax retinae ( Fig. 2a , Table S2 ). 136
When comparing the center region of Empidonax retinae that contained MMOD-complex 137 cells to the peripheral region of Empidonax retinae that lacked MMOD-complex cells, we found 138 no significant differences for C-type, Y-type, R-type, or P-type oil droplet ratios ( Fig. 2a , Table  139 S2). This means that no specific cone type is being disproportionately replaced by MMOD-140 complex cells. Again, there was a significant difference in the relative density of the MMOD-141
complex cells between counting locations that lacked MMOD-complex cells -peripheral region 142
-and counting locations that contained MMOD-complex cells -central region ( Fig. 2a , Table  143 S2). 144 145
Cross Sections 146
The MMOD-complex region covered the central 27.4 ± 1.7 mm 2 of the retina (or 24.6 ± 0.9% of 147 the whole retina). The diameter of the retinal region containing MMOD-complexes measured on the naso-temporal axis of wholemounts (4.44 ± 0.14 mm) was similar to the naso-temporal 149 diameter of the thickened retinal region on the cross sections (4.24 ± 0.37 mm). This suggests 150 that the MMOD-complex photoreceptors may increase the demand for cells in other retinal 151 layers, leading to a substantial thickening of the retinal tissue in regions where MMOD-152 complexes are present. 153 154
Phylogenetic Representation 155
We reviewed the literature and also used unpublished data describing the retinal photoreceptor 156 layer (i.e., wholemounts of fresh retinas where the oil droplets were visible under bright and/or 157 florescent microscopy) of different avian species (Table S3 ). Considering the 48 bird species for 158 which information was available, the MMOD-complex was only found in the two flycatchers 159 described here (E. virescens and E. minimus) belonging to the Family Tyrannidae, Order 160 Passeriformes ( Fig. 4) . However, the MMOD-complex is absent in the other 46 species that 161 belong to other taxanomic Families or Orders (Fig. 4) . 162 163
Discussion 164
The MMOD-complex is different in a number of ways from similar retinal structures that have 165 been described in other organisms. Birds from many taxa have been studied previously and all 166
share the same classes of photoreceptors, and none showed the MMOD-complex found in the 167 two New World flycatchers reported here ( Fig. 4 ). Pigeons (Columba livia) do have red 168 microdroplets in a specialized area of the retina called the "red spot" or "red field" that is well 169 positioned for viewing green backgrounds in the pigeons' binocular field 6,7 . Unlike flycatchers, 170 however, the pigeons' microdroplets are present in addition to a principal oil droplet within the same inner segment and are not associated with a mitochondria 6 . Additionally, lamprey 172 photoreceptors contain either yellow/orange pigments (but not droplets) or large, electron-dense 173 mitochondria. However, the pigments and electron-dense mitochondria have not been found in 174 the same photoreceptor 8 , as is the case with flycatchers. 175
Megamitochondria have been found in the retina of tree shrews (Tupaia spp.) 9 and 176 zebrafish (Danio rerio) 10 . However, the morphological novelty of the flycatcher 177 megamitochondria is that they are part of a larger complex that includes hundreds of small oil 178 droplets. These small oil droplets surround the megamitochondria, absorb visible light below 565 179 nm (λ mid ), and allow longer wavelengths -oranges and reds -to pass through ( Fig. 2B , Table  180 S1). Therefore, the small oil droplets flood the megamitochondria (and the photoreceptor outer 181 segment) with long wavelength light. Put another way, the small oil droplets prevent short and 182 medium wavelength light from reaching the megamitochondria, thereby isolating any effects of 183 long wavelength light. 184
The cones of vertebrates have organelles in their inner segments called ellipsoids, which 185 are accumulations of mitochondria 11,12 . These ellipsoids are even present in vertebrates with oil 186 droplets, like birds 13 . From a developmental perspective, it is possible that the MMOD-complex 187 is a modification of these ellipsoids because in some species of fish without oil droplets, the 188 ellipsoids appear to resemble spatially and functionally the oil droplets 14 and the ellipsoids have 189 been proposed to give rise to cone droplets through a process of metabolic turnover 15 . of MMOD-complexes appears to be an exaggeration of the aforementioned traditional cone 201 distribution pattern. Therefore, we speculate that the MMOD-complex photoreceptors may be 202 even more physiologically-costly than traditional cones, which limits their presence exclusively 203 to the region where they are most beneficial for the animal. In addition to the fovea centralis, 204 flycatchers also have an area temporalis in the temporal region of the retina that has elevated 205 densities of traditional cones ( Fig. 3A-H) . But even the area temporalis is devoid of MMOD-206 complexes ( Fig. 3I) . 207
The MMOD-complex appears to be present in addition to the traditional oil droplet types, 208 rather than at the expense of any one particular type. All five traditional oil droplet types are 209 present throughout the entire flycatcher retina in similar ratios to what one would expect to find 210 in any other passerine songbird ( Fig. 2A , Table S2 ) 3 . Additionally, there are no significant 211 differences between the ratios of traditional oil droplets in regions of the retina with and without 212 MMOD-complex photoreceptors ( Fig. 2A , Table S2 ). Furthermore, the extra photoreceptor 213 density in the central region of the retina (i.e., where the MMOD-complex photoreceptors are 214 present) is matched by an area of increased retinal ganglion cell density 18 and a substantial 215 thickening of the retinal tissue (Fig. 3K, Fig. S2 ). Both lines of evidence suggest that there is a 216 need for more neurons in layers of the retina downstream from the MMOD-complex 217 photoreceptors and support the idea that the MMOD-complex photoreceptors may serve a 218 separate rather than incremental function relative to the other photoreceptors. 219
The function of similar structures in other organisms are not entirely understood, and it is 220 possible that the MMOD-complex could be serving any number of functions simultaneously. 221
Establishing the definitive function of the MMOD-complex was beyond the scope of this study. 222
To provide some context, however, we can make some non-exhaustive speculations about its 223 function. For example, zebrafish rods with experimentally expressed megamitochondria produce 224 over twice as much ATP as wild-type rods that lack megamitochondria 10 . Generally, ATP 225 produced within a cell must be used by that cell rather than sharing energy with the entire retina 5 . 226
Therefore, megamitochondria are likely energy powerhouses for only the photoreceptor that 227 contains them. The small orange oil droplets of the MMOD-complex could further increase 228 megamitochondrial energy production. Cytochrome c oxidase -the terminal enzyme in the 229 electron transport chain that is responsible for energy production in mitochondria -is a 230 photoacceptor that increases its activity and energy production under long-wavelength visible 231 Tokyo, Japan). 286
Using ImageJ, we measured the length and width of 17 individual megamitochondria 287 from MMOD-complexes and 28 mitochondria from traditional cones. We also measured the 288 diameter of 152 small oil droplets from MMOD-complexes and 8 oil droplets from traditional 289 cones. 290 291
Retinal Wholemounting and Photoreceptor Distribution 292
One right eye from a least flycatcher, one right eye from an Acadian flycatcher, and two left eyes 293 from Acadian flycatchers (4 total individuals) were used for retinal wholemeounting and 294 photoreceptor distributions. Following euthanasia, eyes were immediately enucleated. We then 295 hemisected the eye at the ora serrata with a razor blade and removed the vitreous humor using 296 spring scissors, tweezers, and a dissecting microscope. We submerged the eyecup in cold 0.1 M 297 phosphate buffered saline (pH 7.4) and placed it in a -20ºC freezer for three minutes to facilitate 298 the retraction of pigmented epithelium from the photoreceptor layer. The retina was removed 299 from the eyecup by separating the choroid from the sclera and severing the optic nerve. We then 300 gently peeled the choroid away from the retina and any pigmented epithelium that remained 301 attached to the retina to avoid damaging the photoreceptor layer. We transferred the retina 302 directly to a glass coverslip with the photoreceptor layer facing the coverslip. We then flattened 303 the retina onto the glass coverslip by making several radial cuts with spring scissors and 304 unrolling the retinal edges with a small paintbrush. We placed a drop of super glue onto each 305 corner of the coverslip, which was then flipped onto a microscope slide and sealed with clear nail 306 polish. We also wholemounted one white-throated sparrow retina for a qualitative comparison. 307 microscope, and an Olympus S97809 camera (Olympus Corporation, Tokyo, Japan). A bright 310 field illuminated image and an epifluorescent-illuminated image were captured at 275 to 280 311 locations on each retina. A counting frame of 50 µm X 50 µm was used at each 579 ± 39 µm X 312 621 ± 16 µm location with a mean ± SE area sampling fraction (i.e., the proportion of each 313 location that was occupied by the counting frame) of 0.0071 ± 0.0008. Our mean ± SE 314
Schaeffer's Coefficient of Error of 0.046 ± 0.002 is less than 0.10, indicating that our 315 stereological sampling strategy was appropriate 34 . We identified and counted all oil droplets 316 within each counting frame using ImageJ (https://imagej.nih.gov/ij/). In birds, each cone type is 317 associated with a specific oil droplet type. Oil droplets are oil and carotenoid-filled organelles at 318 the apical end of the cone inner segment that spectrally filter light before the light reaches the 319 visual pigment in the outer segment where phototransduction occurs. Therefore, the densities of 320 each photoreceptor type can be quantified by counting oil droplets. Traditionally, there are five 321 types of cones each associated with its own type of oil droplet. Transparent (T-type) oil droplets 322 are found in ultraviolet or violet sensitive single cones, colorless (C-type) oil droplets are found 323 in short-wavelength sensitive single cones, yellow (Y-type) oil droplets are found in medium-324 wavelength sensitive single cones, red (R-type) oil droplets are found in long-wavelength 325 sensitive single cones, and principal (P-type) oil droplets are found in the principal member of 326 double cones. We identified each of the five traditional cone types follow the criteria established 327 to the five traditional oil droplet types, we were easily able to identify the new MMOD-334 complexes as the obvious, large, orange triangles juxtaposed with the smaller, circular traditional 335 oil droplets. 336
To visualize the distribution of photoreceptors across the retina, we constructed 337 topographic maps in R (version 3.3.0) following Garza-Gisholt et al. 35 . We also calculated cell 
Cross Sections 361
We performed histological cross sections on the right eye of one Acadian flycatcher and the left 362 eye one least flycatcher. We enucleated, hemisected, and removed the vitreous humor of each 363 eye as described above. Then we fixed the retinae in the eyecup with 4% paraformaldehyde in 364 0.1 M phosphate buffered saline (pH 7.4) for >24 hours. The eyecup was then cut into a 2 mm 365 wide strip along the naso-temporal axis with the fovea in the center of the strip. We embedded 366 the tissue in paraffin wax and serial sectioned the tissue at 5 µm using a Thermo Scientific 367 Shandon Finesse ME microtome (Waltham, Massachusetts). Sections were stained with 368 haemotoxylin/eosin in a Thermo Scientific Shandon Varistain 24-3. 369
We noted an unusual and abrupt change in thickness of the retinal tissue approximately 370 midway between the fovea and the ora serrata in both the nasal and temporal directions. We 371 measured the naso-temporal width of the thicker, central portion of the retina using a Zeiss Axio 372
Imager.M2 microscope (Carl Zeiss Microscopy, Göttingen, Germany) and a Zeiss AxioCam 373
MRm camera (Carl Zeiss Microscopy, Göttingen, Germany). To compare the width of the thick, 374 central region to the width of the MMOD-complex area, we plotted counting locations from the 375 previous section that contained MMOD-complex photoreceptors onto traces of the retinal 376 wholemounts. We also used these plots in ImageJ to calculate the total percent of retinal area in 377 which MMOD-complex photoreceptors were present. 378
To determine the spectral absorbance characteristics of flycatcher oil droplets, the left eye of one 381
Acadian flycatcher was analyzed using microspectrophotometry. Immediately after capture, the 382 Acadian flycatcher was light deprived for three hours to facilitate visual pigment regeneration. 383
Euthanasia, enucleation, hemisection, and vitreous extraction were all carried out under dim red 384 light to avoid bleaching the photoreceptors. The retina was extracted from the eyecup in the same 385 fashion as described above for retinal wholemounts, and we used a small paintbrush to brush 386 away excessive pigmented epithelium that remained attached to the retina. We removed a ~6 387 mm 2 piece of the retina, placed the retina section on a glass slip, and macerated the retina section 388 with a razor blade. The macerated retina was hydrated with a drop of phosphate buffered saline 389 (pH 7.4) and sucrose water, cover slipped, and sealed with black nail polish to prevent 390 desiccation. 391
We measured absorbance spectra of oil droplets and MMOD-complexes using a custom-392 built microspectrophotometer (Dr. Ellis Loew, Cornell University, Ithaca, NY; described in 393
McFarland and Loew 36 ). We used a dry Zeiss Ultrafluar Glyc objective (80x, NA 0.9) for 394 viewing and a second objective (32x, NA 0.4) as a condenser. We viewed cellular structures 395 using an EXVision Super Circuits CCD camera attached to a TFT Color LCD monitor that was 396 covered in red Plexiglas. After identifying an isolated oil droplet or MMOD-complex, we took a 397 baseline measurement in the surrounding interstitial space. Then, we measured the absorbance of 398 the target structure in 1 nm increments from 350-750 nm. The absorbance of MMOD-complexes 399 was measured through the thicker basal end and the thinner apical end of the structure separately. 400
We attempted to bleach a MMOD-complex by exposing it to white light for 60 s to determine 401 whether it behaved as an oil droplet or a visual pigment. Visual pigments bleach (i.e., stop 402 absorbing light) under white light 37 , whereas oil droplets do not bleach. 403
Oil droplets are typically characterized by three parameters: λ cut -the wavelength of 404 maximal absorbance; λ mid -the wavelength with 50% of maximal absorbance; and λ 0 -the 405 wavelength of 63% maximal absorbance. We determined these three parameters using the 406 MATLAB program, OilDropSpec. OilDropSpec normalized the long wavelength arm of each oil 407 droplet spectrum to one, found the wavelength where absorbance was 0.5 (λ mid ), fit a trend line to 408 the absorbance data 10 nm to either side of λ mid , determined the intercept, slope, and R 2 of the 409 trend line, used the trend line to determine the wavelength where the absorbance was 1 (λ cut ), and 410 calculated λ 0 . In total, absorbance spectra were measured for 1 T-type oil droplet, 1 C-type oil 411 droplets, 17 Y-type oil droplets, 9 R-type oil droplets, 13 P1-type oil droplets, 4 P2-type oil 412 droplets (there are two standard variations of P-type oil droplets), and 23 MMOD-complexes. 
